Introduction {#sec1}
============

There is mounting evidence that damage to the choroidal vasculature, the blood supply for the retinal pigment epithelium and outer retina, plays a key role in the pathogenesis of age-related macular degeneration (AMD)[@bib1]^--^[@bib5] and is altered in other diseases such as diabetic retinopathy, central serous retinopathy, and myopia.[@bib6]^--^[@bib10] There are relatively robust methods for evaluating morphometric abnormalities of the choroid in humans using histology and fluorescent labeling of donor eyes that can discriminate between intact and ghost vessels[@bib1]^,^[@bib2]^,^[@bib11]^--^[@bib14] as well as in vivo imaging techniques such as optical coherence tomography and optical coherence tomography angiography.[@bib15]^--^[@bib17] Such rapid and reliable methods for evaluating the choroid in mice are more challenging especially for whole mount, en face visualization. Current methods (most of which are compared in this article) to histologically visualize this critical structure using flat mounts in mice result in incomplete labeling of choroidal capillaries, have nonspecific staining, are outside the visible spectrum, or are highly time and/or resource consuming.

Lectins are carbohydrate-binding proteins that are ubiquitous in nature. They are highly specific for specific sugar moieties of protein and lipid glycoconjugates and are commonly used in ocular biology to label various cells in the retina of humans and rodents.[@bib14]^,^[@bib18]^--^[@bib23] Commonly used lectins for fluorescent labeling of retinal vessels include *Ulex europaeus* agglutinin I or *Griffonia simplicifolia* lectin I isolectin B4 (GSL-IB4) on cross sections or flat mounts via staining or perfusion.[@bib20]^,^[@bib23]^--^[@bib25] Although *Ulex europaeus* agglutinin I strongly labels blood vessels in human tissues, rodents do not express ligands for *Ulex europaeus* agglutinin I on their blood vessel walls,[@bib26]^,^[@bib27] so this lectin is not suitable for animal models. Tomato lectin (TL; *Lycopersicon esculentum* agglutinin) recognizes poly-*N*-acetyl lactosamine--type oligosaccharide moieties[@bib28]^,^[@bib29] that is relatively specific for microvessels[@bib30]^--^[@bib33] in mice.[@bib34]^,^[@bib35] We are not aware of any published reports of TL perfusion for the assessment of normal choroidal vasculature in flat mounts, but it has been described for hyaloidal vessel analysis and choroidal neovascularization detection in the subretinal space.[@bib36]^--^[@bib39]

Having a method to readily visualize choroidal and retinal vessels in animals is important to assess models of ocular diseases such as AMD. In this article, we describe a reliable, robust method for visualizing choroidal, choriocapillaris, and retinal vessels on whole mount and cross-sections using a relatively low dose of perfused TL conjugated to fluorescent DyLight-594 in albino mice. Perfusion of this fluorescent TL also allowed visualization of choroid and retina in both normal and mice lasered to cause vessel ablation.

Methods {#sec2}
=======

All animal experiments were performed in accordance with the Association for Research in Vision and Ophthalmology statement for the use of animals in ophthalmic and visual research, and with approval of the University of Iowa Office of Institutional Animal Care and Use Committee. Adult albino mice, B6(CG)-TyrC-2J/J (*n* = 13), BALB/CJ (*n* = 10), and BALB/CBJ (*n* = 4) were purchased from the Jackson Laboratory (Bar Harbor, ME).

Vessel Labeling with TL {#sec2-1}
-----------------------

Mice were deeply anesthetized by intraperitoneal injection of ketamine (87.5 mg/kg) and xylazine (12.5 mg/kg). A heating pad was used to maintain physiologic body temperature during these procedures. A 6-0 Vicryl suture was placed at the superior pole (12 o\'clock) in sclera/choroid to assist with orientation during flat mount. Fluorochrome Dylight 594-conjugated TL (*Lycopersicon esculentum* agglutinin; Vector Laboratories, Burlingame, CA) was used at 100 to 200 µL (1 mg/mL) per mouse by injection into the tail vein or jugular vein of the mouse using a 1-mL syringe equipped with a 32-gauge needle (TSK, Tochiji, Japan) over approximately 15 to 30 seconds (slow delivery being necessary to avoid cardiac arrest). In double-labeling experiments (*n* = 2), a mixture of equal amounts of fluorescent Dylight-594 conjugated TL (100-150 µL at 1 mg/mL) and fluorescein isothiocyanate (FITC)-conjugated GSL-IB4 (100--150 µL at 1 mg/mL) was injected into the tail vein or jugular vein. To ensure that the higher background seen with GSL-IB4 was not due to use of FITC, a similar experiment was performed with a mixture of equal amounts of perfused FITC-conjugated TL (100--150 µL at 1 mg/mL) and fluorescent Dylight 594-conjugated GSL-IB4 (100--150 µL at 1 mg/mL). For intracardiac injection, the anesthetized mice were secured on a platform. After opening the rib cage, the lectin was administered by a 21-gauge needle through the left ventricle, then incubated for 5 minutes. Mice were then perfused transcardially with 10 mL of ice-cold 4% paraformaldehyde using an electric pump (New Era Pump Systems, Farmingdale, NY) connected to a 21-gauge butterfly needle (BD Company, Franklin Lakes, NJ) at a 2 mL/min pump rate. The eyes were immediately extracted and fixed overnight in 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) at 4°C.

Flat-mount Preparations and Digital Images {#sec2-2}
------------------------------------------

The mouse eyes were enucleated at designated time points and immersed in 4% paraformaldehyde in PBS overnight at 4°C. After the eyeballs were rinsed in 0.1 mol/L of PBS, the anterior chamber, lens, and vitreous were trimmed off without removing the suture. The retinas were carefully separated from the eyecup and optic nerve, and the posterior eye segment containing the sclera--choroid complex and retina were dissected into quarters by four radial cuts with a suture at 12 o\'clock and a punch hole at 6 o\'clock. Tissues were whole mounted on slides with mounting medium followed by cover slipping. Flat mounts were examined with a fluorescence microscope (BX51; Olympus, Melville, NY) or confocal microscopes (LSM 710, Zeiss, Thornwood, NY). Images were assessed using Fiji software (<http://fiji.sc/Fiji>).

Tissue Processing and Immunohistochemistry {#sec2-3}
------------------------------------------

After eyes were fixed in 4% PFA overnight at 4°C, the cornea and lens were gently removed, all eyes were cryoprotected through serial sucrose solutions, then embedded in optimal cutting temperature compound (Lab-Tek, Torrance, CA) and frozen in liquid nitrogen. Transverse 10 µm cryosections were collected and mounted on Superfrost Plus glass slides and kept at --80°C until use. Sections were thawed and air dried at room temperature, then blocked in 2% bovine serum albumin/0.5% Triton-X-100 (Sigma, St Louis, MO) for 1 hour at room temperature. Primary antibodies directed against carbonic anhydrase IV (CA4, R&D Systems, Minneapolis, MN; catalog number AF2414, goat anti-mouse IgG) were applied to sections at a concentration of 2 µg/mL in 0.1% Triton + 0.1% bovine serum albumin in 1× PBS and incubated overnight at 4°C. Cy2-conjugated secondary antibody (Jackson Immuno Research Lab, West Grove, PA) was incubated for 1 hour at room temperature at a concentration of 7.5 µg/mL to visualize CA4-positive cells. Sections were washed three times in 1× PBS, and were cover slipped in antifade Vectashield mounting medium with DAPI (Vector Laboratories). For GSL-IB4 or TL staining on cryosections, fluorescently conjugated lectins were incubated for 1 hour at room temperature or overnight at 4°C. All specimens were examined and captured using fluorescence microscopy.

Assessment of Perfusion Extent in Choroid and Retina {#sec2-4}
----------------------------------------------------

To assess whether there was a difference between the extent of vessel labeling with intravenous versus transcardiac injection, the choroid and retina were prelabeled with fluorescent Dylight 594 conjugated TL by perfusion as described elsewhere in this article. Whole mounts of choroid and retina were imaged using a fluorescence microscope (BX51; Olympus). The amount of vessel labeling with TL was graded on a single-digit decimal scale based on the extent of perfusion: 3 (excellent, nearly 100% perfusion of vessels), 2 (moderate), 1 (poor, \<10% of possible vessels perfused) based on each quadrant of choroid or retina by two masked, independent graders ([Table](#tbl1){ref-type="table"}). Semiautomated measurement was also performed to estimate the percentage of successful positive labeling in a quantitative manner on vessels of choroid and retina in Fiji. The average score was taken of the four quadrants for the two graders. The intraclass correlation coefficient was used to measure the reliability of the estimation among the two graders with the 95% confidence interval.

###### 

Comparison of Vessel Labeling Extent Using TL via Intravenous vs. Transcardiac Perfusion with Two Masked, Manual Graders

                   Intravenous   Transcardiac      
  --------------- ------------- -------------- --- ---
  Excellent (3)        10             10        2   6
  Moderate (2)          0             0         9   0
  Mild/Poor (1)         0             0         2   0

Mouse Model of Thermal Laser Ablation {#sec2-5}
-------------------------------------

Ablation was induced by laser photocoagulation with an Oculight SL/SLx 810nm laser system (Iridex, Mountain View, CA). One adult albino mouse was anesthetized with an intraperitoneal injection of 87.5 mg/kg ketamine and 12.5 mg/kg xylazine. The pupils were dilated with topical 1% tropicamide solution (Akorn, Lake Forest, IL), both eyes were administered genteal gel and covered by 18-mm coverslips. Laser photocoagulation (spot size, 0.5 mm; intensity, 1500 mW; duration, 6000 ms) was performed with one application in the superior fundus. The mouse was humanely killed 24 hours later.

Statistical Analysis {#sec2-6}
--------------------

Statistical analysis was performed in GraphPad prism 8 (GraphPad Software, La Jolla, CA). Data were assumed to be normally distributed and were assessed at a confidence interval of 95%. Differences were analyzed with two-tailed unpaired Student *t*-test. Data are presented as mean ± standard deviation and *P* values of less than 0.05 were considered statistically significant.

Results {#sec3}
=======

Choroidal Vessel Labeling with TL {#sec3-1}
---------------------------------

After perfusion with TL, there was consistent, robust labeling of choroidal vessels that could be observed at low and high magnification with fluorescence microscopy in normal animals ([Figs. 1](#fig1){ref-type="fig"}A and B) with clear delineation of loss in the region of the choroid where laser was applied ([Fig. 1](#fig1){ref-type="fig"}C). Because GSL-IB4 perfusion is commonly used to examine retinal vessels on whole mounts, we examined its use for choroidal visualization and found increased labeling at branch points in the choroid and retina with less reliable labeling along the full length of capillary segments ([Figs. 2](#fig2){ref-type="fig"}B, [2](#fig2){ref-type="fig"}D, [2](#fig2){ref-type="fig"}F, and [2](#fig2){ref-type="fig"}H) when conjugated to FITC or Dy594 which limits its usefulness; in contrast, with TL perfusion there was more uniform, consistent labeling of choroidal and retinal vessels with Dy594 or FITC ([Figs. 2](#fig2){ref-type="fig"}A, [2](#fig2){ref-type="fig"}C, [2](#fig2){ref-type="fig"}E, and [2](#fig2){ref-type="fig"}G).

![Choroid flat mounts of mice (B6\[CG\]-TyrC-2J/J) perfused with Dy594-conjugated TL (in *red*). (A) Low magnification image (collected with a 2× objective lens) of normal albino mouse with optic nerve in the center. (B) Higher magnification image collected with a 10× objective lens showing detailed view of normal choroid and choriocapillaris. (C) High magnification microscopic image showing well-demarcated area of focal, central ablation of choroid and choriocapillaris corresponding to the lasered area surrounded by relatively preserved vessels.](tvst-9-1-1-f001){#fig1}

![Choroid and retina flat mounts in mouse (BALB/CJ) perfused simultaneously with 100 µL of TL and 100 µL of GSL-IB4 conjugated to different fluorescent antibodies. (A--D) Choroid flat mount images of (A) TL conjugated to Dy594 showing clear delineation of choroidal and choriocapillaris vessels, (B) GSL-IB4 conjugated to FITC with choriocapillaris details obscured, (C) TL conjugated to FITC showing clear delineation of vessels, and (D) GSL-IB4 conjugated to Dy594 demonstrating relatively nonuniform staining of vessels. (E--H) Retinal flat mount images of (E) TL conjugated to Dy594, (F) GSL-IB4 conjugated to FITC, (G) TL conjugated to FITC, and (H) GSL-IB4 conjugated to Dy594. Note the increased signal intensity of GSL-IB4 at vascular branching points (*arrows*) in B, D, F, and H with relative absence of staining in the smaller vessels compared with more uniform staining of all vessels using TL perfusion in A, C, E, and G.](tvst-9-1-1-f002){#fig2}

As expected, TL and GSL-IB4 labeled similar vessels in the choroid and retina, but to ensure that TL had specificity for choroidal vessels, we used a choriocapillaris restricted, endothelial cell-specific marker, CA4,[@bib40]^,^[@bib41] to immunolabel cross-sections of mouse eyes that were perfused with TL. [Figure 3](#fig3){ref-type="fig"} demonstrates the relative high specificity of CA4 for choriocapillaris vessels and co-labeling of these vessels with TL. There was no positive staining using secondary antibody alone (Cy2 anti-goat IgG) on cross sections ([Fig. 3](#fig3){ref-type="fig"}D).

![Immunofluorescent-labeled cross-sections with the choriocapillaris enriched CA4 (in *green*) of mouse (B6\[CG\]-TyrC-2J/J) choroid perfused with Dy594-conjugated TL (in *red*). (A) Labeling of choriocapillaris by CA4 immunofluorescent marker. (B) Labeling of choriocapillaris and larger choroid vessels by TL perfusion. (C) Merged image of perfused TL showing co-labeling with CA4 in the choriocapillaris. (D) Merged image with no primary antibody control demonstrating no positive staining of the choriocapillaris with secondary antibody (Cy2 anti-goat) alone. CA4, carbonic anhydrase IV; DAPI, 4′,6-diamidino-2-phenylindole; CH, choroid](tvst-9-1-1-f003){#fig3}

Retinal Vessel Labeling with TL {#sec3-2}
-------------------------------

After perfusion with TL, there was highly robust, consistent, uniform labeling of retinal vessels at low and high magnifications ([Figs. 2](#fig2){ref-type="fig"}E, [2](#fig2){ref-type="fig"}G, [4](#fig4){ref-type="fig"}A, and [4](#fig4){ref-type="fig"}B) with clear delineation of loss when laser was applied to normal animals ([Fig. 4](#fig4){ref-type="fig"}D). When the same dosage of TL and GSL-IB4 were used in combination to perfuse mice, there was a high correspondence of retinal vessel staining between the two, but TL had more uniform staining of entire retinal vessels, whereas GSL labeling was concentrated at endothelial cells of vascular branchpoints (*arrows* in [Fig. 2](#fig2){ref-type="fig"}).

![Retinal flat mounts of mouse (B6\[CG\]-TyrC-2J/J) perfused with Dy594-conjugated TL (in *red*). (A) Low magnification fluorescence microscopic image of normal albino mouse with optic nerve in the center. (B) High magnification fluorescence microscopic image showing detailed view of normal retinal vessels, some not in focus owing to limitations of the microscope. (C) High magnification confocal projection yielding better visualization of all retinal vessels. (D) High magnification microscopic image showing well-demarcated area of focal, central ablation of the retina corresponding with lasered area surrounded by relatively preserved vessels.](tvst-9-1-1-f004){#fig4}

Because there are multiple layers of retinal blood vessels with superficial and deep capillary plexi,[@bib20] there are some retinal vessels out of focus on the flat mount owing to limitations of the fluorescence microscope seen in [Figures 4](#fig4){ref-type="fig"}A and B. [Figure 4](#fig4){ref-type="fig"}C is a projection that shows all of layers of retinal vessels compressed into one two-dimensional image. Supplemental Video S1 shows a three-dimensional representation of retinal vessels imaged with the confocal microscope. A colored rainbow projection image ([Supplementary Fig. S1](#tvst-9-1-1_s001){ref-type="supplementary-material"}) created using the z-stacked confocal images illustrates the depth of retinal vessels with TL perfusion.

Optimal Perfusion Method for Retinal and Choroidal Flat-mount Visualization {#sec3-3}
---------------------------------------------------------------------------

Because transcardiac and intravenous methods are commonly used for perfusion, we compared the rate of labeling for choroidal and retinal vessel visualization on flat mount between these two methods using a semiquantitative assessment by two masked graders (summarized in [Table](#tbl1){ref-type="table"} and depicted with average grading values by quadrant in [Supplementary Fig. S2](#tvst-9-1-1_s002){ref-type="supplementary-material"}). TL perfusion resulted in excellent labeling of choroidal vessels using tail/jugular vein (*n* = 10) injection compared with that of cardiac perfusion (*n* = 13; *P* \< .001). Of the mice perfused with TL intravenously, 100% reached excellent vessel labeling in the choroid. In contrast, when perfusing via a transcardiac approach, 15% of mice (2 of 13) had excellent choroidal vessel labeling, 69% of mice showed moderate amount of choroidal vessel labeling, and 15% had poor vessel labeling in the choroid. Labeling of choroidal vessels using the intravenous approach had a standard deviation of 0.052 compared with 0.145 with the transcardiac method. The magnitude of difference between the two standard deviation values show that choroid labeling by intravenous injection had smaller variability than transcardiac perfusion. In addition, semiautomated quantification of vessels using Fiji show significantly better (*P* \< .01) vessel labeling in the choroid using intravenous injection compared with transcardiac perfusion; a trend (*P* = .07) toward improved labeling was seen in the retina of those given intravenous compared with transcardiac perfusion ([Supplementary Fig. S3](#tvst-9-1-1_s003){ref-type="supplementary-material"}). Thus, both semiquantitative assessments using masked, manual graders and semiautomated quantification after thresholding in Fiji yielded better choroidal visualization with intravenous perfusion compared with the transcardiac approach.

Discussion {#sec4}
==========

In this article, we describe a simplified method of perfusing conjugated TL to reliably assess choroidal and retinal vasculature using whole-mount and cross-section analyses in mice. We found this method to be better than perfusion with another commonly used lectin, GSL-IB4, for choroidal flat mounts. The labeling for retinal vessels is as robust as GSL-IB4, but may be preferred over GSL-IB4 owing to the lower concentration needed for adequate staining in addition to more uniform staining of vessels observed with TL. The advantage of looking at choroidal and retinal flat mounts with conjugated TL was further demonstrated with a laser model of ablation in normal mice.

Although there are multiple approaches for evaluating retinal vessels on whole mounts in rodents that can be used for different purposes (including confirmation of TL for retinal vessels as shown by other groups[@bib37]^,^[@bib42]), methods to rapidly evaluate choroidal vasculature defects in rodents are relatively limited. In this study, we found comparable staining of choroidal (and retinal) vessels using perfused TL to GSL-IB4 with better visualization of vessels using TL on whole mount sections. Other methods assessed in our laboratory that did not provide as compelling and consistent labeling of choroidal flat mounts included: alkaline phosphatase (BCIP/NBT), FITC-albumin, and DiI ([Supplementary Table S1](#tvst-9-1-1_s001){ref-type="supplementary-material"}). In addition, we observed concentrated endothelial cell labeling with GSL-IB4 (perfused) at vascular branchpoints in both choroidal and retinal vessels with comparatively more uniform labeling of vessels with TL. The concentrated endothelial cell labeling of branchpoints with perfused GSL-IB4 can be contrasted with the mild increase in labeling at small branchpoints seen with perfused TL (e.g.,[Fig. 4](#fig4){ref-type="fig"}B), which is due to visualization of connections between retinal plexi.

Dual perfusion experiments using the same dose of GSL-IB4 and TL demonstrated weaker signal on retinal whole mounts of GSL-IB4 than TL whether GSL-IB4 or TL was conjugated with FITC or Dy594. One could increase the dose of GSL-IB4 but this increases cost by 5 to 10 times. Our methodology uses a lower dose of TL than GSL-IB4, which results in significantly less expensive experiments.

We observed a high rate of perfusion using intravenous injection of TL, but we recognize that intracardiac injections have also been used previously with excellent results.[@bib33]^,^[@bib36]^,^[@bib37]^,^[@bib43]^,^[@bib44] Intravenous injections (tail or jugular vein) resulted in excellent perfusion of choroidal vessels in these animals that was higher than intracardiac injection, so this route of injection is preferred when trying to assess choroidal vasculature. The lower rate of success for vessel visualization with intracardiac perfusion is unclear may be because the thoracotomy can cause inefficient ventilation, respiratory and circulatory dysfunction that has greater impact on the choriocapillaris than retinal vessels.

A potential method for readily visualizing choroidal vasculature in rodents employs the use of optical coherence tomography angiography. This field is gaining more momentum, but at this time a custom-built machine with specialized software is needed for analysis of data.[@bib45] A clear advantage of an optical coherence tomography-based imaging method is its in vivo nature, but even in humans this is still a nascent technology. There are inherent limitations of using optical coherence tomography angiography for choroidal analysis, such as evaluating specific cell and molecular biological effects that can only be realized with histologic methods, but there is hope that coherence tomography angiography--based imaging can be used to better visualize the choroid in rodents in the future. Additionally, in vivo molecular imaging techniques are also in development.[@bib46]

Future studies with this model will allow rapid assessment of perfusion defects and potential therapies[@bib47]^,^[@bib48] that are selective to the choroid or retina using flat mount sections and analysis using cross-section staining.
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**[Supplementary Video](#tvst-9-1-1_s004){ref-type="supplementary-material"}.** Three-dimensional video projection of mouse retina labeled with perfused Dy594-conjugated TL.
